Abstract-The electric superbikes recently developed at The University of Nottingham are considered to be high performance vehicles, competing with its internal combustion engine driven counterparts. This paper presents the motivations for this work and details the design of the bikes which, a process that has ensured maximized race performance. Extensive modelling has also given a good understanding of the system interaction. Data recorded during races and on a rolling road are presented to validate the simulation work.
I. INTRODUCTION
This paper will describe some of the design criteria for an electric superbike which has shown that fantastic performance is possible with an electric vehicle. The electric superbike provides a demanding application where the electrical machine and power converter design must be optimised in terms of performance and weight.
There are already a number of electric motorcycles on the market which are used as daily transportation as well as for racing. Some of these bikes are designed and built for racing, while others originating from established manufacturers [1] [2] [3] . Today's bikes have mixed performance in racing due to their different design targets. In all types of vehicle design racing can be used to promote the development and establish new technologies as it gives a chance to test ideas in a demanding environment and gives great opportunities for publicity. Racing also gives the competitive aspect which provides a mechanism to enhance h technological development.
II. MOTIVATION
Racing is also exciting and this aspect of the competition is great to dispel myths about the limitation of certain technologies as well as promoting the technology with a gaol of high rates of acceptance. As we move to more and all electrically propelled vehicles this promotion and sense of fun in the technology is going to be an important aspect. Tesla has recently shown how successful this approach can be for cars, bikes such as the one form the University of Nottingham, as shown in Fig. 1 , have the capability of doing the same for motorbikes.
Another important aspect of motorsport in the development of any vehicle is that it allows a time when more design risks can be taken. A race vehicle is not expected to have the same reliability as a family car or a truck. Motorsport is therefore a great chance to push the boundaries of the technology in pursuit of maximum performance and a place to try new ideas.
Motorsport can also help in changing perceptions, not only of users, but also of legislators. Examples include the taxation of electric vehicles and the transportation of the Lithium Ion cells commonly used to make the batteries for electric transportation systems (as well as many other applications including mobile phones). III. THE DRIVETRAIN For most electric vehicles, the electric powertrain consists of three main parts -a battery pack, motor drive and motor, as shown in Fig. 2 . These are optimized as a system in order to meet the required performance and specific requirements imposed by the vehicle's application. In the case of an electric motorbike it is the complete system weight and to a certain extent volume which must be considered.
A heavier bike will require more energy for acceleration, but the additional stored energy may meet this requirement as well as extending the top speed and/or range. The efficiency of the motor and drive can also be an important factor in the system optimization.
Due to the long time-scale needed for a fully optimized design of all the electrical components the bike's powertrain has been designed using available sub-systems and components, sized by adopting specifications and performance from existing, conventional superbikes.
Fig. 2: The Drivetrain System and Components

A. Motor Selection and gearing
It is obvious that there is usually a proportionality between the power rating of an electric motor and the volume/weight if other constraints remain constant. In motorbike design there is also a desire to minimise the un-sprung mass on the vehicle suspension [4] . This combination of design requirements means that a sensible design consists of a high-speed motor in the frame and a chain drive to the rear wheel. Given the availability of suitable motors in as well as performance the electrical motor in this design was adapted from a Parker Hannaffin permanent magnet motor [5] .
Due to the lack of accurate, available drive-cycle data for typical race circuits during the early stages of the project, the motor was oversized to give the opportunity for experimentation with different torque-speed characteristics. A typical rear tyre for a sports bike has a circumference of about 2m and the Parker Hannaffin permanent magnet motor has a maximum speed of 10500rpm, so there clearly needs to be a reduction gearing to give the bike a realistically achievable top speed of about 200mph..
The required fixed ratio reduction could be achieved with a fixed ration gearbox, a chain or a belt. A gearbox tends to add weight to the bike, something the design team were keen to avoid. The characteristics of a belt are good for commuting bikes, but not really suitable for racing, so a chain was chosen.
It is possible to use a chain as the only reduction mechanism for this bike design, although this does use the extremes of the acceptable sprocket sizes to meet the reduction requirements.
Despite the large reduction required the chain does represent the optimum design when volume, weight and efficiency are all considered.
Using the chain losses models provided by the authors of [6] , it can be assumed that losses are due to two effects: the collisions between the chain rollers and sprocket teeth as the chain moves the effort required to bend the chain through the angles required to follow shape of the sprockets The latter effect depends on the diameters and number of teeth on each sprocket. By making calculations based on these two loss mechanisms it is possible to model the loss profiles of the chain as a function of torque and speed. In this work the losses due to the collisions between the rollers and the teeth are ignored as they are not significant at the operating conditions found on a race bike [7] . The chain losses can therefore be found by calculation or modelling from the chain tension and the chain angle around the sprockets. For the purposes of calculating the chain losses it is therefore reasonable to use the peak wheel torque demand. In these calculations it has been assumed that for the system chosen for the University of Nottingham electric superbike:
top speeds 60 to 95m/s, gearing ratio 3:7 < N1 N2 < 5:8
The rather binary throttle input of the race bike is not typical of a road-bike, and therefore the assumptions used here may not be valid for more general purpose designs.
Using this design methodology, the superbike has achieved impressive results in terms of the power produced at the rear wheel. Fig. 4 shows the typical results in terms of torque and speed for the 2017 drivetrain design, giving a performance well above a standard superbike setup using a conventional internal combustion engine. This performance curve clearly shows the roll-off of the maximum torque above the base speed of the motor where field weakening is used. 
B. Energy storage solution
The design of the battery pack for the electric bike requires a trade-off between the stored energy and the power density of the available cells. The exact chemistry of the cells can be altered to get different characteristics in terms of the operation of the cells and this is an essential design variable for any battery powered system.
The average power requirements for a given race can be estimated and this used to define the stored energy for the cells as well as the number of cells required. The battery can then be formed of a number of cells in a series/parallel combination to give the required system voltage.
The first design used a battery pack with an energy density and discharge rating of 140Wh/kg and 40C respectively. However, in later packs the discharge rating has been reduced to enable a higher energy density giving better overall performance. When optimising the battery for any vehicle the temperature rise of the pack must also be respected as the weight and volume of a forced cooling system (as used on some cars) cannot be accommodated on this type of platform.
C. Motor Drive technology
The power converter has to be able to drive the chosen motor and this limitation determines the current and voltage ratings of the motor. The power converter also needs a sufficient lifetime, although this demand is not such an issue with a racing super bike than in more conventional applications. The weight and volume of the converter are also critical in the overall bike design. For the 2016 season the University of Nottingham race team used Hybridpack devices from Infineon to build a bespoke power converter for the bike. The devices have ratings of 800A and 650V and a compact water-cooled package designed for automotive applications [9] .
Designing our own software and control platform allowed the team to rapidly change parameters and control methods to allow the bike to adapt to the demanding conditions encountered in racing, a flexibility that would not be possible with commercial motor drive software.
D. Bike specification and performance
A comparison has been made between the performance of the electric superbike and some conventional petrol ICE racebikes. The torque and speed available at the rear wheel of each bike is compared and as can be seen from Fig. 5 there are some considerable differences. For the electric bikesthere is a very flat torque-speed curve until you get a slight drop-off due the a voltage limitation at high speed. The petrol race bikes include a gearbox, the impact of the gears is also shown in Fig. 5 . Fig. 5 shows a comparison between [7] : To obtain this data the gear ratios for each gear are calculated [10] [11] and it has been assumed that the peak engine torque entered to find the peak torque available in each gear. The points shown represent the peak torque in each gear, but this is only available for a particular window of operation as petrol bikes do not have the flat torquespeed curves associated with electric bike. The achievable top speed for each bike will depend on maximum power. This analysis implies the acceleration for the ICE bikes in lower gears will be greater than the university 2016 bike, however this does not consider the torque limits imposed by tyre traction and wheel to ground contact. This limitation in traction [12] will limit the feasible acceleration to around 10ms 2 depending on the road surface and tyre conditions. Anything significantly above this value is of little practical use in a race situation.
IV. SIMULATION AND VALIDATION
In building a simulation model for the bike performance some assumptions have been made: the rider applies full throttle when driving out of a corner the rider brakes to reduce the speed to a given level at each corner apex.
The air resistance has been calculated to match the measured total torque requirement when the bike is travelling at a constant speed. The mass of the bike and the gear ratio for a particular test can be found from direct measurement.
The results in Fig. 7 show the simulated bike performance versus the recorded race data at the beginning of a race. A close match is observed where the throttle input assumption is valid, which validates the model under these conditions. There are some discrepancies when the rider uses partial throttle, which is to be expected and doesn't impact on the overall race time over a complete lap. , the results are within 2%. The motorcycle drive system described has been demonstrated as a successful design, through winning the majority of the races it has entered. Although the performance demonstrated so far is still lacking in comparison to ICE counterparts, the bike has not yet been run with the full potential of the electrical drive system, due to limitations in the motor drive which are currently being addressed. The simulation presented shows promise in giving accurate predictions of the lap times that can be obtained for a given racing bike drive-train specification.
The electric superbike has certainly been very successful in attracting interest to the technology and demonstrating that electric motorbikes can be raced at high speeds on demanding tracks. This is an essential part of demonstrating that electric vehicles of the future will be fun and exciting to drive as well as environmentally friendly. 
